Abstract: In the psychrotrophic bacterium Pseudomonas fluorescens, the production of several enzymes that otherwise differ in their cell location, growth phase production and inducibility appeared to be similarly regulated by the growth temperature. In order to determine the level of this regulation, the expression of the apo and lip genes encoding two of these enzymes, the acidic phosphatase and lipase, respectively, was studied at different temperatures. Both genes were optimally expressed at 17.5°C, i.e., at the optimal temperature of production of the enzymes; however, the low level of activity at the highest temperature could be due to an additional post-transcriptional control.
Introduction
The psychrotrophic bacterium P. fluorescens is well known to cause degradation of stored raw milk constituents by producing extracellular lipases and proteases. This production has often been reported to be dependent upon the growth temperature [1, 2] . A systematic study in several strains of P. fluorescens showed that the production of at least four enzymes (the extracellular * Corresponding author. Tel: + 33 3229-1566.
protease and lipase and two periplasmic phosphatases) is apparently under the control of a common regulatory system mediated by the growth temperature. Indeed, the corresponding activities are maximal at 17.5°C whereas the optimal growth temperature is around 30°C [3, 4] . In this paper, the effect of growth temperature on gene expression was studied. Two genes, apo and lip, were chosen mainly because their respective encoded enzymes, acidic phosphatase and lipase, are otherwise completely different with regard to all other types of regulation (growth phase, inducibility, cellular localization).
Materials and Methods

Bacterial strains, plasmids and media
Strains and plasmids are listed in Table 1 . Escherichia coli was grown in LB medium, used either as broth or solidified with agar (1.5% w/v). Cultures of P. fluorescens were grown in a citrate mineral salts medium (CM), nutrient broth (NB) or nutrient agar (NA), as described previously [3] . When necessary, media were supplemented with the following chemicals: ampicillin (Ap), 50 to 500 /zg ml ~; rifampicin (RID, 50 /zg ml-~; kanamycin (Km), 50 to 100/xg ml-~; tetracycline (Tc), 100 p.g ml-~; streptomycin (Str), 100 p-g ml-~; 5-bromo-4-chloro-3-indolyl galactoside (XGaD, 40 p,g ml-1; 5-bromo-4-chloro-3 indolyl phosphate toluidine salt, (X-P), 40/xg ml-~.
Construction of P. fluorescens MFO gene library
P. fluorescens MF0 chromosomal 3-6 kbSau3A restriction fragments were collected by sodium chloride gradient fractionation and then inserted in the dephosphorylated BamHI site of plasmids pTTQ18 or pUC19. After transformation of E. coli DH5amcr with the ligated mixture, the Ap r colonies obtained were screened for their Lip + or Apo + phenotypes.
Phenotypic characterization of Apo +, Lac + or Lip + clones and enzymatic assays
Phosphatase and fl-galactosidase activities were detected as blue colonies on XP-LB (Apo + phenotype) and X-GaI-NA (Lac + phenotype) plates, respectively. Lipolytic activity was detected on LB solidified media containing either 1% Tween-80 and 0.01% CaCI 2 (TW-LB) or 1% tributyrin or 1% triolein (Lip + phenotype).
Phosphatase was assayed as described previously [3] . /3-galactosidase was assayed according to Miller [10] .
RNA extraction and slot-blot hybridization
RNA extraction with the hot phenol method, and RNA slot-blot experiments with positively [8] Appligene.
This study This study
19] [5]
Bethesda Research Laboratories; MCS = multiple cloning site. 15 charged nylon membrane, were performed as described by Brown [11] . DNA probes were labelled using digoxigenin-11-dUTP (DIG) by random priming with a labelling and detection kit (Boehringer Mannheim GmbH). Images of the blots were acquired by a desktop scanner equipped with Mc View Color software (Agfa-Gevaert).
The brightness and contrast of the entire image were adjusted to reflect the appearance of the original as closely as possible, as would be done by traditional photographic methods.
lip::lacZ fusion construction and cloning lip::lacZ fusion was constructed as follows: the donor E. coli JAS169 was grown in LB broth and sampled in mid-exponential phase (O.D.ss0 = 1.00). The recipient strain MF37 was grown in NB until stationary phase. The donor and recipient cultures were mixed in a (5/1) ratio (v/v), and then filtered. Cells on filters were incubated at 34°C for 12 h on NA plates, resuspended in LB broth and Rif r, Km r transconjugants were screened for their Lip-and Lac + phenotype. One such clone obtained was named MF371.
The lip::lacZ fusion was then cloned in vivo: the pJB351 conjugative plasmid (a R68-45 derivative) was used to transfer the chromosomal regions surrounding the Tn5 transposon from MF371 into E. coli as a R' plasmid. To this end, W3101 (pJB351) and MF371 were first mated as described above. MF371 (pJB351) clones were selected at 28°C and then incubated at 20°C for 
Results
Characterization of the cloned apo and lip P. fluorescens genes
After transformation of E. co# DH5amcr with a genomic library of P. fluorescens MF0 DNA, among Apr transformants, one Apo+clone harbouring a pUC19 recombinant plasmid pMF200 and one Lip + clone harbouring a pTTQ18 recombinant plasmid pMF100 were isolated. Restriction maps of pMF200 and pMF100 genomic inserts are presented in Figs. la and lb, respectively.
When assayed on either whole cells or sonicated cell suspensions, phosphatase activity in the DH5amcr (pMF200) strain was maximal around pH 6.3. At this pH, the activity level was 24-fold higher than in the DH5amcr (pUC19) strain. In addition, this pH 6.3 acidic phosphatase activity was shown to be membrane-associated in the recombinant strain as it is in MF0, while in the DH5amcr (pUC19) it was mostly soluble, as expected (Results not shown). Thus the cloned gene was a bona fide P. fluorescens phosphatase gene and not a regulatory protein gene.
Cells containing pMF100 were able to hydrolyse Tween-80 and tributyrin, but were also able to hydrolyse triolein and not fl-naphtyl-acetate (a non-lipid ester), thus showing that the P. fluorescens cloned fragment contained a lipase and not an esterase structural gene. Lipolytic activity was detectable only in EDTA-lysozyme treated DH5amcr (pMF100) cells (Results not shown).
Effect of growth temperature on phosphatase mRNA production in P. fluorescens MF0 Total RNA extracted from MF0 grown at different temperatures was probed with the 1.6 kb EcoRI-PstI internal fragment of the pMF200 chromosomal insert (see Fig. la) that deletion experiments had shown to be in the apo structural gene. The amount of RNA transcripts varied with growth temperature (Fig. 2) , with the largest signal observed when MF0 was grown at 17.5°C (lane 4). To exclude a possible variation in RNA recovery from the cells depending upon growth temperature, the following experiment was performed: a P. fluorescens strain MF3 with the chromosomally integrated E. coli appA gene which encodes an hyper acid phosphatase and whose expression is independent of the temperature [3] was used as a control. This strain displayed no variation in the amount of estimated appA mRNA as a function of growth temperature.
Densitometric measurements were performed on hybridized slot-blots (Fig. 2) and compared with the enzyme activities obtained at the same temperatures (Fig. 3a) . The results showed that the phosphatase mRNA level was two-fold higher at 17.5°C than at 8°C or 28°C. Similarly, pH 6.3 phosphatase activity was 2.5-fold higher at 17.5°C than at 8°C (as already described in other culture media). There was a good correlation between mRNA content and enzyme activity at 8°C and 17.5°C, but the activity decreased to a greater extent than the mRNA at 28°C, which suggested that at this temperature, a post-transcriptional event is superimposed on the overall transcriptional regulation.
Despite repeated attempts, we were unable to accurately measure lip mRNA. Therefore, lip 
Effect of growth temperature on the ~-galactosidase actiuity of a P. fluorescens chromosomal borne lip::lacZ fusion
The pUTminiTn5 lacZ plasmid is a R6-K base suicide miniTn5 delivery vector, containing the promoterless reporter E. coli lacZ gene with its ribosome binding site sequence and the RP4 mobilisation functions [5] . It was used to obtain random insertions into the chromosome of P.
fluorescens strain MF37. After conjugation from E. coli JAS169 as the donor strain, fusions were screened on X-Gal-NA plates. Among Krn r exconjugants, one Lac ÷ clone displaying a Lipphenotype on TW-LB plates was kept as strain MF371. The /3-galactosidase expressed by this strain was induced by the lipase inducer Tween-80 [4] , suggesting the expected localization of the fusion in the lip gene. To check this, the fusion was cloned in a R' plasmid as described in Materials and Methods. The restriction analysis mapping on this R' plasmid (see The fl-galactosidase activity expressed by MF371 was assayed on cells grown at different temperatures in the presence of Tween-80, and compared to the lipase activity displayed by strain MF37 in the same conditions. (Fig. 3b) . Again, both activities varied in a strikingly parallel fashion between 8°C and 17.5°C, but the lipase decreased more than the /3-galactosidase from 17.5°C to 28°C.
Discussion
The aim of this work was to determine the level at which the expression of two representative genes (apo and lip) was regulated by the growth temperature in P. fluorescens.
Whatever the method used to monitor the transcription of these genes (direct mRNA measurement or lacZ expression of a transcriptional fusion), we found a two-fold increase in the amounts of both specific transcripts and fl-galactosidase activity at 17.5°C as compared with 8°C or 28°C. It should be noted that in both cases, the low phophatase and lipolytic activities at 28°C, which is near the optimal growth temperature for this strain, cannot be completely accounted for by the decreased transcription of the corresponding gene. This suggests that an additional post-transcriptional control may exist: it could of course occur at several levels including increased turnover at 28°C [12] . The mere stability of the enzymes would not be the cause of this decrease, at least in the case of the lipase, whose stability is well documented [13] . Moreover, it was shown in MF0 that for the protease, another enzyme displaying a maximal production at 17.5°C, the variation of proteolytic activity observed at different growth temperatures paralleled the respective amounts of enzyme. This allowed us to conclude that only an active form of the protein was produced [14] .
Nevertheless, this transcriptional co-regulation suggests the existence of a new regulatory mechanism for these genes and presumably for those encoding enzymes whose production is maximal at 17.5°C, as a response to th~ growth temperature.
A regulatory effect of temperature on gene expression within the range of normal growth has so far been observed for the virulence genes of Listeria monocytogenes, (lisA, [15] ), and the regulatory gene of the Yersinia enterolitica virulences genes (virF, [16] ). However, in these cases the inducing factor is an elevated temperature. In E. coli, some promoters belonging to the cold shock regulon are also inducible during growth at continuous low temperature [17] . However no intermediate temperature optimum has been detected in any of these systems. The existence of such an optimum for the transcription of the two genes studied here raises the question of the regulatory mechanisms involved.
